This paper presents a regenerative cascade inverter topology with direct active power control scheme. From the mathematical model of the proposed regenerative cascade inverter, the instantaneous active power and reactive power are derived. Based on the instantaneous abc theory, direct active power feed-forward control is proposed to reduce AC power and voltage fluctuation in DC link. Moreover, a load current full order observer is established to avoid the inconvenient of the current sensor installation. The proposed control scheme is analyzed theoretically by simulation, and verified experimentally.
INTRODUCTION
In recent years, H-bridge cascade inverters have proved to be an effective alternative to medium voltage AC drives [1, 2] . The traditional H-bridge cascade topology, using diodes to obtain a DC link voltage of each power cell, is not able to permit the regeneration of power from AC motor to the grid and is not applicable to some equipment, such as downhill conveyors and traction. On the other hand, Hbridge inverter in power cell generates a second harmonic DC link voltage [3] , thus, large electrolytic capacitors have to be used to reduce DC link voltage fluctuation.
To achieve regeneration, PWM rectifiers instead of diode rectifiers allow the topology to regenerate power to the grid [4, 5] . The transformer leakage inductances are used as the input filter inductances. Therefore, power cell is composed of a three-phase PWM rectifier, DC link electrolytic capacitors and an H-bridge inverter, as shown in Fig. 1 .
However, the important problem is that input and output instantaneous active power of power cell is unbalanced in this cascade topology, generating the second harmonic DC link voltage. The load power feed-forward control scheme [5] [6] [7] , which is one of direct power control (DPC) schemes, is proposed to reduce capacitance energy storage requirements and the second harmonic voltage. Based on the instantaneous pq theory [8] , the DPC schemes are directly controlled in dq synchronous reference frame [9] [10] [11] . Another important problem is the asymmetric three-phase input currents due to unbalanced equivalent leakage inductances. The current control scheme in the positive and negative sequence dq references is applied with a new instantaneous reactive power definition [12] . Extracting sequential components and solving a set of nonlinear equations in real-time are not easy to achieve in fixed point DSP. In [13] , a proportional resonant (PR) controller in the stationary αβ frame without extracting sequential components is proposed and positive and negative sequence currents can be controlled together. In the previous literatures, the current reference calculations are based on the instantaneous pq theory. In order to avoid complex calculations of extracting positive and negative sequence dq current reference, based on instantaneous abc theory [14] , direct active power control (DAPC) scheme in the stationary abc frame is developed.
The DPC scheme, which requires a current sensor to measure the DC link load current, could result in difficulties for the laminated bus bar. To implement the feedforward control without measuring the DC link load current, DC link load current observers were proposed. In [15] , disturbance observers are designed for implementing the feed-forward control for a single-phase PWM rectifier in control of the DC link voltage. In [16] , an observer for disturbance estimation is introduced to compensate source voltage unbalances. However, there is no comprehensive and detailed analysis on the digital realization of observers and the design principles of gain matrix. This paper is organized as follows. Section 2 describes mathematical model and control scheme of regenerative H-bridge cascade inverter. The analysis of DC link load current observer is discussed in Section 3. Section 4 covers the simulation results. The experimental verification is presented in Section 5. The conclusions are drawn in Section 6. Figure 1 shows the proposed topology of regenerative H-bridge cascade inverter and the equivalent circuit of its power cell. This structure uses three symmetrical power cells [as shown in Fig. 1 (b) ] connected in series to form one motor phase voltage. The carrier-based modulating technique is used for the H-bridge cascade inverter [1, 2] . Each power cell is combined through a magnetic interface, called a multi-winding transformer. The PWM rectifier directly connects to the secondary side of the multi-winding transformer without the bulky filter inductances. Meanwhile, phase-shifted structure does not need in the transformer secondary side.
PROPOSED TOPOLOGY OF REGENERATIVE H-BRIDGE CASCADE INVERTER AND ITS CONTROL SCHEME

Proposed topology
Because the transformer secondary structure are identical and the coupling between the secondary windings is possible to ignore, while the AC grid and leakage inductance of primary side are converted to the secondary side, each power cell can be controlled independently. Carrierbased modulating technique is also used in PWM rectifier. Therefore, low switching frequency of PWM rectifier can obtain good input current waveform. Figure 1 In the rotor flux orientation scheme, the stator current of induction motor dynamics is given by
Mathematical model of H-bridge inverter and motor
where L m , L s , L r , R s , ω s , E r , and ψ r are the mutual inductance, stator inductance, rotor inductance, stator resistance, electrical angular frequency, rotor induced electromotive force, and d axis rotor flux, respectively.
The output fundamental voltage u o and fundamental current i o of the inverter is given by
Considering the output of H-bridge inverter as an unbalanced three-phase four-wire system, and then the instantaneous current and voltage components at the motor side in the stationary αβ0 frame can be obtained 
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where the Clarke's transformation matrix T abc−αβ0 = 2/3
According to the pq theory in three-phase four-wire systems [8] , instantaneous active and reactive power can be obtained
where
From (5), p L contains a DC component and an oscillating component at twice the motor electrical frequency. 
Mathematical model of PWM rectifier
The variables E αβ = e α + je β , V αβ = v α + jv β , and I αβ = i α + ji β are positive sequence space vectors of the grid voltage, the input terminal voltage, and the input current, respectively.Ĩ αβ = i α − ji β is the complex conjugate of I αβ .R andL are employed to describe the effect of unbalanced impedances on the positive sequence voltage. Meanwhile,R andL represent the effect of unbalanced impedances on the negative sequence vector.
Instantaneous active and reactive power of PWM rectifier
For maintaining a constant DC link voltage, the power fed into PWM rectifier must instantaneously balance the power drawn by the motor load in the inverter. Instantaneous active and reactive power is given a clear physical meaning and formula in the stationary αβ frame [8] . Therefore, by ignoring the IGBT switch losses, control objectives of input instantaneous active and reactive power are shown in (8) as
Suppose that the grid voltage vector is E αβ = Ee jωet . Under these conditions of the given (5) and (8), the reference current vector of PWM rectifier is then expressed by
From (7) and (9), the voltage vector V αβ must be
(10) Due to unbalanced equivalent leakage inductance of the transformer, PWM rectifier should provide a positive sequence part V p e jωet and a negative-sequence part V n e −jωet simultaneously. While the complex output power can be defined in the stationary αβ frame as
Substituting (9) and (10) to (11) yields the complex power. Then, the instantaneous active power, delivered to the DC link, is obtained as
It is worth noting that the instantaneous active power delivered to the DC link contains the DC average term, besides, some extra harmonics at 2ω e , 2ω s , 4ω s , 2(ω e ±ω s ) and 2(ω e ±2ω s ).
The definition of the instantaneous reactive power under unbalanced conditions has already been addressed. The expression of quadrature complex power using a new definition in [12] is given by After expanding the terms and rearranging the real part of (13), the instantaneous reactive power delivered to the DC link can be expressed as
It is worth noting from (12) and (14) that the terms of p c2 have the same magnitudes as those of q s2 , and so do the terms of p s2 and q c2 .
Proposed input active power control scheme
In order to guarantee that the active and reactive instantaneous motor powers are supplied by the PWM rectifier, the DC link voltage should be constant. Therefore, besides the load power feed-forward, additional active power is taken from the grid voltage to compensate for the overall losses of the power cell. With the active power reference p ref as the voltage controller output, given by
where K vp and K vi are proportional gain and integral gain, respectively. Design of the PI parameters in the voltage loop is proposed in [17] .
The current decoupling control scheme in dq synchronous reference frame requires the exact parameters of the filter inductance to extract the positive and negative sequence. However, the equivalent leakage inductance parameters of power cells are not exactly equal. Consequently, in order to eliminate the fluctuating components of the input instantaneous active power,active and non-active current calculation based on instantaneous abc theory are used [14] . Thus, the abc phase input current references by means of a minimization method can be calculated as 
The main objective of DAPC scheme using the abc theory is to obtain the current references with minimum root mean square (RMS) value, capable of delivering the active power of the motor.
The current loop is implemented in the stationary abc frame. As the current references are sinusoidal, proportional plus resonant (PR) controllers are adopted to reach fast dynamic response and zero tracking error in steady state. Furthermore, the PR controllers can remove the effect of the grid disturbance. In order to eliminate the regulating errors for multiple frequency currents, such as (ω e ± 2ω s ), the PR controller is expressed as 
where K ip , K ir , and ω c are proportional gain, resonant gain, and the 3 dB bandwidth, respectively. Coefficient ω c =(0~15) rad/s is suggested in [18, 19] , K ip and K ir are determined by [17, 20] .
Based on the above analysis, the schematic diagram of the proposed controller is shown in Fig. 2 . 
. The proposed control system block diagram
Unlike the traditionally schemes, the proposed input active power control scheme does not need the coordinate transformation and the extraction of sequential components. This scheme is very simple and has a strong robustness.
Ideal overall input current
Figure 1 (a) shows the topology in which the power cell A1, B1, and C1 are the same cascaded number. If the power fed into PWM rectifier instantaneously balance the power drawn by the motor in H-bridge inverter, and the IGBT switch is lossless, then ∆p = 0, thus the desired AC currents i A1x (x=a, b, c) at the input of the power cell A1, using (16) , are given by (18)- (20) for a, b, and c phase, respectively Input currents, which contain harmonic at ω s ±2ω e , provide active power oscillation components for the inverter side. Similarly, the current given by (21) is a phase current in the power cell B1, and (22) is a phase current in the power cell C1, all of which feature harmonics at frequencies ω s ±2ω e , but 240 out of phase i B1a = C 1 cos ω s t + C 2 cos(ω s t + 2ω e t + φ − 4π/3) + C 2 cos(ω s t − 2ω e t + φ − 4π/3) .
(21) i C1a = C 1 cos ω s t + C 2 cos(ω s t + 2ω e t + φ + 4π/3) + C 2 cos(ω s t − 2ω e t + φ + 4π/3) .
(22) Therefore, these harmonics are cancelled out by the combined operation of the power cells that belong to the same cascaded number. In fact, the total contribution to a phase of the first cascaded number of power cells (A1, B1, and C1) is the summation of the currents given by (18), (21), and (22), which comes to be
Thus, the operation of the same cascaded number of power cells guarantees the overall input grid currents with unity power factor which are due to the proposed control scheme.
LOAD CURRENT OBSERVER
If the active load current can be calculated, the dynamic response to load transients can be improved to satisfy the wide range load change. A reasonable method is to estimate the load current directly with the measured DC link voltage and input AC currents. In order to implement the design results into practical digital control systems, the design is directly carried out in discrete domain. The discrete domain observer as shown below
, output matrix C = 1 0 . The block diagram of the load current observer is then drawn in Fig. 3 .
Where the observer state vectorx(k), according to formula (24), the next state can be predicted by
Full order observer
Fig. 3. The block diagram of the load current observer
The state correction vector is generated by feeding back the difference between the estimated DC link voltage and the actual output, which is expressed by:
T is a gain matrix. Therefore, the dynamic equation of the observer is then written as:
.
The characteristic equation is expressed by
To achieve stable solution, the poles of the observer must have all its two roots within the unit circle. Meanwhile, to allow the observer convergence rate faster than the original model, the observer poles are placed at k times of the original poles, where 0<k<1. H can be solved by
The estimated DC link load current can be obtained
where 
SIMULATION RESULTS
To validate the feasibility of the proposed control scheme under unbalanced input filter inductances, both experimental and simulation tests have been carried out with the parameters given in Tab Figure 5 shows the instantaneous active and reactive power flow in power cell. The instantaneous input active power p in is equal to the load power of p L . The instantaneous input reactive power q in is close to zero. The instantaneous input active power p out and reactive power q out contain a DC component, besides, some oscillating components at 30 Hz, 40 Hz, 70 Hz, 100Hz, 140Hz, 170Hz, and 240Hz. The RMS of active power components and reactive power components are shown in Fig. 6 . These results are consistent with (12) and (14) . Figure 7 shows the overall A phase input current and the currents of the power cell A1, B1, and C1 when the motor is running in 35 Hz. These harmonics, such as 20 Hz and 120 Hz, are cancelled out by the combined operation of the cells.
EXPERIMENT RESULTS
The experiment platform of power cell has been set up by taking two 32-bit digital signal processors as central processing unit (CPU), and circuit parameters are the same with the simulation shown in Tab 
Fig. 5. Instantaneous active and reactive power
Hz, experiment results of output current and estimated load current are shown in Fig. 8 . The estimated load current is outputted by a 10-bit DA chip. It can be seen clearly that, whether amplitude or phase, the load current can be identified in real time.
The experiment results of DC link voltage and input current without feed-forward compensation are shown in Fig. 9 (a) . As can be seen, the fluctuation amplitude of DC link voltage is ±5 V. Fig. 9 (b) shows the DC link voltage and input current using the DAPC scheme with load current observer, the fluctuation amplitude is ±3 V. Fig. 9 
Fig. 7. A phase input currents when the motor is running in 35 Hz
actual current for a sampling period. Secondly, the current controller has limited bandwidth, and the dynamic slower than the reference change. Finally, sampling errors affect the identified results of load current and reduce the stability margin of the system. Thus, the input current does not follow fast enough the reference change, however, the fluctuation of DC link voltage is reduced to 60% of the original FFT analysis of the input current is shown in Fig. 10 . As expected, the input current contains the harmonics at frequencies 20 Hz and 120 Hz. The frequency and amplitude of input harmonics changes as the load change which are due to the proposed control scheme.
CONCLUSION
This paper presents the DAPC scheme for regenerative cascade inverter with reduced AC power in the DC Link. The DAPC scheme using the instantaneous abc theory in stationary three phase frame can control the instantaneous active power of the power cell under unbalanced equivalent filter inductances. Moreover, a load current full order observer is established to avoid the inconvenient of the current sensor installation. The experiment and simulation results prove the effectiveness of the proposed scheme.
As the load current has a relationship with the motor electrical angular frequency, to identify the real-time amplitude and phase of the load current, accurate observation model will be established in further study. Meanwhile, the time-delay compensation for the current controller will be studied to further reduce the voltage fluctuation in DC link.
